Biosolids can produce equal or greater wheat grain yields as inorganic fertilizer applied at equal plant available N (PAN) rates (Koenig et al., 2011) . Nutrient management criteria and standards in Virginia have limited the fall application rate of biosolids for winter wheat to 50% of agronomic N needs due to concerns of low N use efficiency and potential N leaching losses during the winter. Dewatered biosolid rates that supply 50% of winter wheat N needs are too low to be mechanically feasible to apply and pose potential crop injury when applied during the typical N sidedressing period in late winter.
The interaction between biosolid N availability timing and soil properties that affect organic N mineralization rate and N form retention, especially texture, should determine the N use efficiency of fall-applied biosolids and N leaching loss. Evanylo (2003) demonstrated that soil retention of PAN from winter-applied biosolids for a following corn crop decreases with increasing soil texture coarseness.
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This research resulted in the adoption of soil texture as a factor for biosolids application timing guidelines (VADCR, 2014) . Soils in Virginia are rated for environmental sensitivity, and leaching loss potential is a key factor regulating nutrient application methods and rates.
Based on research by Gilmour et al. (2003) , Virginia Nutrient Management Standards and Criteria (VADCR, 2014) use first-year organic N mineralization coefficients of 30 to 35% for anaerobically digested (AD) and limestabilized (LS) biosolids. While nearly all the N in LS biosolids is in the organic fraction (Orndorff et al., 2008) , as much as 40% of total N in AD biosolids may be present as NH 4 -N (Barbarick et al., 2010) . Therefore, leachable NO 3 -N may form in the soil more rapidly from AD than LS biosolids.
The information presented in this article is derived from our data comparing the effects of biosolid type and soil texture on appropriate biosolid application rate and timing for winter wheat in the Virginia Coastal Plain during the second of two consecutive growing seasons.
Six field studies were established in the Virginia Coastal Plain physiographic region in fall 2013. Field studies consisted of eight treatments replicated four times in a randomized complete block design. Each study site was 125 ft long by 80 ft wide, with individual plots measuring 290 ft 2 .
Four fertilizer treatments were 0, 45, 90, and 134 lb N/ ac of inorganic N fertilizer, with one-third applied in the fall and two-thirds in late winter. Four biosolid treatments were 90 and 45 lb PAN/ac of both AD and LS biosolids applied in the fall. The 45 lb PAN/ac biosolid treatments were supplemented with 45 lb N/ac of inorganic fertilizer in late winter. All treatments were surface-applied without incorporation.
All plots received P and K to ensure non-limiting yields. Locations were managed under continuous no-till practice in a two-year, three-crop rotation of corn-winter wheat-soybean. Herbicide, pesticide, and fungicide use decisions were made by each farmer.
All sites were sampled and analyzed for pre-plant (fall) soil N, post-harvest (June) soil N, aboveground plant tissue N at the beginning of anthesis [Zadoks Growth Stage (GS) 58; Zadoks et al., 1974] , and grain yield. Nitrogen use efficiency (NUE) was calculated from N uptake and net soil N.
Results
Every Coastal Plain soil studied (Table 1 ) is susceptible to either N leaching or denitrification losses due to drainage properties (Gaines and Gaines, 1994; VADCR, 2014) . Altavista (ALT) and Roanoke (ROA), both of which have aquic properties at different levels of classification, are susceptible to denitrification losses (Aulakh et al., 1992) . The Coastal Plain soils we studied without aquic properties are rated moderate or high in N leaching loss risk (NLLR) (VADCR, 2014) . Kempsville had the greatest total and inorganic N due to a history of biosolid application.
The composition of the biosolids that governs N availability (Table 2) is typical for AD and LS biosolids. Anaerobically digested biosolids contain higher concentrations of total and inorganic N and lower C:N ratios than LS biosolids, due to greater mineralization of C and N during anaerobic decomposition and greater dilution of the LS Table 1 . Series, family, soil total N, and VADCR (2005) biosolids by the addition of lime (CaO). Lime-stabilized biosolids also have a considerably higher pH (>12 vs. <8.5) than AD biosolids, which reduces the ratio of inorganic N:organic N (via NH 3 volatilization).
Nitrogen uptake at GS 58 increased linearly with urea N (data not shown). Nitrogen assimilated by winter wheat is mobilized from tissue to grain beginning at anthesis, and the amount of tissue N at anthesis is directly related to grain yield. Nitrogen use efficiency by wheat from either biosolids or urea applied at 90 lb PAN/ac was not different in soils that have either <50% sand (Roanoke) or at least 10% clay (Altavista and Kempsville, Table 3 ). The LS biosolids that were fall-applied at 90 lb PAN/ac resulted in greater NUE than urea in the Bojac, Emporia, and State soils, which have more than 50% sand and less than 10% clay. The increased NUE with the LS biosolids may have been due to slower formation of NO 3 -N from LS than urea. This benefit occurred in the soils with the greatest leaching potential.
Grain yields with biosolids were 0 to 16 bu/ac greater than with urea at the same rate (Table 4) . These results agree with those of Koenig et al. (2011) , who observed greater yield response to biosolids than inorganic N fertilizer by 0 to 21 bu/ac. There were no differences in grain yield between biosolids and urea in the fine-textured Roanoke soil. The LS biosolids treatments gave higher grain yields than urea in four of five coarsetextured soils rated moderate or high in NLLR. Possible explanations for biosolids giving greater yield than urea at the same agronomic N rate are: (1) biosolid mineralization coefficients may have underestimated production of PAN and/or (2) slowly mineralized biosolids N may have been used more efficiently by the corn crop. Biosolid type and application strategy had no effects on grain yield in the fine-textured Roanoke soil rated low in NLLR (Table 4) . The LS biosolids resulted in higher grain yields than AD biosolids that were fall-applied at 90 lb PAN/ac in three of four coarse-textured soils rated moderate or high in NLLR. Above-average precipitation in March and April may have caused N loss in these soils. Limestabilized biosolids supply PAN more slowly than AD biosolids due to their higher proportion of organic N and expected subsequent slower formation of NH 4 + via mineralization and NO 3 -via nitrification. Such biosolid-type N dynamics may have resulted in LS biosolids providing PAN following the period of greatest NO 3 -N leaching loss and increasing NUE (Alley et al., 1993) . It is also possible that the factors used to estimate biosolid PAN underestimated LS organic N mineralization or overestimated LS NH 4 -N volatilization loss (Eldridge et al., 2008) .
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End-of-season soil inorganic N-sampled to 36 inchs in Altavista, Bojac, Emporia, and Kempsville and to 24 inches in Roanoke and 12 inches in State (due to restrictive layers)-decreased with depth (data not shown). There were no treatment effects on NH 4 -N concentration or distribution. Nitrate-N was highest in the top 12 inches of all soils and decreased with depth. The percentage of total soil NO 3 -N in the top 12 inches was 56 to 94% (mean = 77%). Our observations were consistent with those of Powlson et al. (1992) , who observed 86% of total post-harvest NO 3 -N in surface horizons. Biosolids never resulted in less end-of-season soil inorganic N than urea applied at 90 lb PAN/ac, likely due to slower generation of inorganic N.
Nitrogen recovery was never lower with fall biosolid applications, regardless of type or application strategy, than with the 90 lb urea N/ac that was split-applied (Table  5) . Since N uptake, NUE, and end-of-season soil inorganic N were equal among agronomic N rate urea and all biosolids in fine-textured soils rated low in NLLR, there were no differences in N recovery in these soils (Altavista and Roanoke, Table 5 ). The LS biosolids typically resulted in the highest NUE and end-of-season inorganic N in coarsetextured soils rated moderate or high in NLLR, thereby resulting in the highest N recovery in these soils (Bojac, Emporia, and State, Table 5 ).
Conclusions
Biosolid type and application strategy is less important than N rate in increasing winter wheat grain yield and N recovery in fine-textured soils where NLLR is low. Therefore, fall-applying AD and LS biosolids at 90 lb PAN/ac should be permitted to soils with low NLLR in the Virginia Coastal Plain physiographic provinces. Nitrogen rate, timing of N application, and biosolid type are important in increasing grain yield and N recovery in coarse-textured soils where NLLR is moderate or high. Yield and N recovery in these soils were greater from LS than AD biosolids and urea, likely due to slower rates of LS biosolid PAN formation. Grain yield and N recovery resulting from AD biosolids fall-applied at 90 lb PAN/ac and urea were the same in soils with moderate or high NLLR, so AD and LS biosolids that were fall-applied at 90 lb PAN/ac should be permitted to these soils. Split agronomic N rate between fall biosolids and spring urea benefits grain yield in some coarse-textured Coastal Plain soils compared with fall full agronomic N rate biosolids. Fall applications of LS biosolids at 90 lb PAN/ac are most beneficial to soft red winter wheat production in Virginia although both AD and LS biosolids that are fall-applied at 90 lb PAN/ac are at least as efficient as split-applied agronomic N rate urea. -------------------------------------------------------------------------------------------------------------------------------% N recovery -------------------------------------------------------------------------------------------------------------------------------- 
